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ABSTRACT 



A method of and system for determining the state -of-health 
of a lead acid battery of the type commonly used in portable 
external defibrillators comprises detecting an impedance 
characteristic of the battery at at least one selected fre- 
quency, counting the number of complete charge/discharge 
cycles that the battery undergoes, and determining the state 
of health of the battery from a fuzzy system trained in a 
relationship between the impedance characteristic and the 
cycle number of the lead acid battery and the state-of-health, 
wherein the state-of-health is a function of and varies with 
the battery's ability to deliver power required by the load 
and the battery's capacity to meet load requirements. 
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METHOD AND SYSTEM FOR DETERMINING 
STATE-OF-HEALTH OF A LEAD-ACID 
DEFIBRILLATOR BATTERY USING AN 
INTELLIGENT SYSTEM 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a Continuation-Ia-Part of U.S. 
patent application Sen No. 09/041,501, filed Mar. 12, 1998, 
which is wholly incorporated herein by reference, and which 
claims the benefit of U.S. provisional patent application 
Serial No. 60/004,476 filed Mar. 12, 1997 and U.S. provi- 
sional patent application Serial No. 60/051,165 filed Jun. 27, 
1997. 

[0002] This invention was made with Government support 
under contract USZA22-97-P-0010 awarded by the U.S. 
Department of Defense. The Government has certain rights 
in the invention. 

BACKGROUND 

[0003] The present invention relates to determining the 
state-of-health (SOH) of an electrochemical device. More 
particularly, the present invention relates to determining the 
SOH of a lead-acid battery of the type used in portable 
defibrillators using an intelligent system, e.g. a fuzzy logic 
system. 

[0004] The SOH of a battery, fuel cell, or other electro- 
chemical device has been interpreted in different ways by 
scientists/engineers in the field. In the case of valve regu- 
lated lead acid (VRLA) batteries used by utility companies 
for providing emergency backup power, SOH is interpreted 
to mean that a battery is close to the end of its cycle life and 
needs replacement. Several papers including Feder and 
Hlavac 1994 INTELEC Conf. Proc. pp. 282-291 (1994) and 
Hawkins and Hand 1996 INTELEC Conf. Proc. pp. 640-645 
(1996) demonstrate that the increase in impedance of aging 
VRLA batteries can be used to indicate the SOH of the 
battery. 

[0005] Another interpretation of battery SOH is the capa- 
bility of a battery to meet its load demand. This is also 
referred to as "battery condition" by others in the field. To 
obtain the SOH of a battery in the terms defined, both the 
available charge capacity of the battery and the maximum 
power available from the battery are required. Several 
approaches have been used to determine the condition of a 
battery. In U.S. Pat. No. 5,365,453 is described a method in 
which a ratio of a change in battery voltage to a change in 
load is used to predict impending battery failure in battery 
powered electronic devices. Similar methods in which the 
battery response to and recovery from the application of a 
load is used to determine the SOH of batteries are reported 
in U.S. Pat. Nos. 4,080,560 and 5,159,272. While these load 
profiling approaches work reasonably well for batteries 
integrated into a system, they are not necessarily accurate or 
reliable ways of determining the SOH of batteries outside a 
system. 

SUMMARY 

[0006] The above-discussed and other drawbacks and 
deficiencies of the prior art are overcome or alleviated by a 
method of and system for determining the state-of-health of 



a lead acid battery of the type commonly used in portable 
external defibrillators, the method comprising detecting an 
impedance characteristic of the battery at at least one 
selected frequency, counting the number of complete charge/ 
discharge cycles that the battery undergoes, and determining 
the state of health of the battery from a fuzzy system trained 
in a relationship between the impedance characteristic and 
the cycle number of the lead acid battery and the state-of- 
health, wherein the state-of-health is a function of and varies 
with the battery's ability to deliver power required by the 
load and the battery's capacity to meet load requirements. 

[0007] The above-discussed and other features and advan- 
tages of the present invention will be appreciated and 
understood by those skilled in the art from the following 
detailed description and drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0008] Referring now to the drawings wherein like ele- 
ments are numbered alike in the several figures: 

[0009] FIG. 1 is a block diagram of method for determin- 
ing state-of-health of a lead acid defibrillator battery in 
accordance with the present invention; 

[0010] FIG, 2 is a block diagram of an additive fuzzy 
system for use in the present invention; 

[0011] FIG. 3A is a schematic diagram of a circuit to 
measure battery impedance; 

[0012] FIG. 3B is a schematic diagram of a circuit to 
measure the current and voltage delivered by the lead acid 
defibrillator battery to the load; 

[0013] FIG. 4 is a block diagram of a fuzzy system for use 
in determining the state of health in the present invention; 

[0014] FIG. 5 is a circuit block diagram for determining 
Lead acid defibrillator battery impedance in accordance with 
the present invention; 

[0015] FIG. 6 is a circuit block diagram for determining 
state-of-health of lead acid defibrillator battery in accor- 
dance with the present invention; 

[0016] FIGS. 7A, 7B and 7C are membership functions 
for the three input variables used in the fuzzy system to 
determine state of health of Lead acid defibrillator battery in 
accordance with present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0017] Referring to FIG. 1 a system for determining the 
State-of-Health (SOH) in accordance with present invention 
is generally shown at 10. System 10 comprises lead acid 
battery 12 of the type used in portable external defibrillators, 
a load 17, which may be a portable external defibrillator, an 
impedance measuring device 14a of circuit 14, a current- 
voltage measuring device 146, a cycle counter 15, and a 
fuzzy system 16. The battery 12 preferably comprises four 
2V lead acid cells strung together in series and contains a 
fuse and a circuit board for a smart battery interface with a 
portable external defibrillator. Fuzzy system 16 is trained in 
the relationship between impedance (e.g., from impedance 
measuring device 14a) of the battery, the cycle number of 
the lead acid defibrillator battery under specific load condi- 
tions achieved by loading the battery with a load 17, and the 
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SOH of the lead acid battery 12. The current draw of the load 
from the lead acid defibrillator battery and voltage across the 
battery are measured using the current/voltage measuring 
device 14b of circuit 14. A cycle is defined by the complete 
discharge of the battery followed by a complete recharge of 
the battery, the cycle number representing the number of 
battery cycles that the battery has completed. The impedance 
measurements are obtained by device 14a and along with 
cycle number provided to fuzzy system 16 as inputs, with 
the SOH being the output of fuzzy system 16. 

[0018] The state-of -health of a lead-acid defibrillator bat- 
tery is defined as the device's ability to perform a specified 
task. Although a lead-acid defibrillator battery may be at a 
high State-of-Charge (SOC), its health may be poor due to 
loss of electrolyte or otherwise. Although a fully discharged 
lead acid defibrillator battery may be at a low SOC, due to 
depletion of the charged species of the electrodes or other- 
wise, it may well be in a full SOH, which would be realized 
subsequent to recharging the lead acid defibrillator battery. 
Phenomena such as loss of electrolyte and depletion of 
charged species affect the lead-acid defibrillator battery's 
power delivery capability and its capacity. Therefore, the 
lead-acid defibrillator battery's State-of-Health is a function 
of its ability to deliver power required by a load and its 
capacity to meet those requirements. 

[0019] Referring to FIG. 2, a preferred embodiment of the 
fuzzy system comprises an additive fuzzy system 18 with 
centroid defuzzification 20. Additive fuzzy system 18 stores 
m fuzzy rules of the form, "if X is Aj then Y is B", and 
computes the output F(x) as the centroid of the summed and 
partially fired then-part fuzzy sets Bj, see Fuzzy Engineer- 
ing by Bart Kosko, Prentice Hall, 1997. Mathematically, 
additive fuzzy system 18 is expressed by Equation 1 as: 



* EQUATION l 

JjWj*jWVj*J 
FM = ^ m 

M 

« EQUATION 2 

r=l 

- * EQUATION 3 

>1 J.I 



[0020] where: 

[0021] Wj is a weight of rule j, 

[0022] a^ represents if-part set function (membership 
function of input i of rule j on input i), 

[0023] a ; represents joint if-part set function (result of 
"a } 1 'and' a^ . . . 'and' a^) that states the 

[0024] degree to which the input x belongs to the 
if-part fuzzy set a^, 

[0025] Bj represents then-part set function (member- 
ship function j on the output), 

[0026] Vj is the finite positive volume (or area) of the 
then-part set Bj, 



[0027] Cj is the centroid of the then-part set B f , 

[0028] B'j is the scaled then-part set (scaled output 
membership function j, result of a^xJBj), and 

[0029] B is the output set prior to defuzzification. 

[0030] In linguistic terms, additive fuzzy system 18 can be 
described in terms of a set of if-then rules: 

[0031] RULE 1: If X 1 is a 1 1 and X^ is a 2 x ... and X n 
is a 11 ,, then F(X) is B 1( 

[0032] RULE 2: If X 2 is a x 2 and X, is a 2 2 . . . and X n 
is a n 2 , then F(X) is B 2 , 

[0033] RULE m: If X 1 is a^ and is a 2 m . . . and 
X, is a n m , then F(X) is B 

[0034] where m is the number of rules and n is the number 
of inputs. 

[0035] The linguistic description and the mathematical 
description of additive fuzzy system 18 are equivalent. They 
are merely different views of the same fuzzy system. Both 
approaches map a given input X to a given output F(X) by 
a process known as fuzzy inference. The following example 
demonstrates the fuzzy inference process. First, fuzzify the 
inputs by taking the inputs and determine the degree to 
which they belong to each of the appropriate input fuzzy sets 
via membership functions. Mathematically expressed as: 
"aj^Xj), a^XJ . . . a-^pCjn)". Linguistically expressed as: 
"If X^ 1 , If X 2 =a 1 2 , . . . , If X m =a, m ". Second, apply a 
fuzzy operator by combining if-part sets of a given rule to 
obtain one number that represents the result of the anteced- 
ent for that rule. Mathematically expressed as EQUATION 
2 hereinabove. Linguistically expresses as: "a 1 1< and J a x 2 
'and' a^" where 'and* is the T-norm product. Third, apply 
an implication method by shaping the consequent (or output 
fuzzy set) based on the result of the antecedent for that rule. 
Mathematically expressed as: "B 1 =a 1 (X)B,". Linguistically 
expressed as: "If aj^, then B/'. Fourth, aggregate all 
outputs by combining the consequent of each rule to form 
one output fuzzy set. Mathematically expressed as EQUA- 
TION 3 hereinabove. Fifth, defuzzify by mapping the output 
fuzzy set to a crisp number. Mathematically expressed as 
"F(x)=centroid(B)=EQUATION 1". In general, see Fuzzy 
Logic Toolbox, for use with MXTLAB, The Mathworks, Inc. 
by Jang and Gulley. 

[0036] By way of example, a supervised gradient descent 
can learn or tune additive fuzzy system 18 given by EQUA- 
TION 1 by changing the rule weights w ( , the then-part 
volumes V,-, the then-part centroids c i? or the if-part set 
functions a^ 

[0037] Referring to FIG. 3A, a n exemplary circuit 24 for 
measuring battery impedance is shown. Circuit 24 com- 
prises battery 12 whose impedance is to be measured, an a.c. 
current generator 26 of variable frequency, and a d.c. vari- 
able voltage generator 28. Lead acid defibrillator battery 12 
and generators 26 and 28 are connected in series in any order 
but in such a way that lead acid defibrillator battery 12 and 
d.c. generator 28 have in common poles of the same sign, in 
this example, positive poles. The no-load voltage of battery 
12 is designated as E 0 , the effective current of a.c. generator 
26 is designated as I and the voltage of d.c. generator 28 is 
designated as E. Voltage E is chosen so as to be equal to E 0 
to prevent battery 12 issuing a direct current. In this way, the 



02/04/2004, EAST Version: 1.4.1 



US 2003/0061181 Al Mar. 27, 2003 



current flowing in the loop made up of battery 12 and 
generators 26 and 28 has do direct component and its 
alternating component designated I determines the voltage 
drop V across the lead acid defibrillator battery 12. Variables 
V and I are complex numbers and their ratio V/It-Z^Z'+jZ" 
defines the internal complex impedance of lead acid defibril- 
lator battery 12. This impedance has a real or resistive part 
Z* and an imaginary or reactive part Z". The magnitude of 
this impedance, |Z|, is given by jzKZ'N-Z" 2 )* The phase 
angle of the impedance, 0, is given by 6otan -1 (ZyZ"). 
Battery impedance is a function of the frequency f of the ax. 
current. 

[0038] Referring to FIG. 3B, an exemplary circuit 5 for 
measuring the current draw of load 17 is connected to 
battery 12 and the voltage across battery 12 is shown. A 
voltmeter 6 is placed across the terminals of battery 12 such 
that the positive lead of the voltmeter is connected to the 
positive terminal of battery 12 and the negative lead of the 
voltmeter is connected to the negative terminal of the 
battery. An ammeter 7 is used to measure the current from 
battery 12 to the load 17. The ammeter 7 is connected in 
series between said lead acid defibrillator battery 12 and the 
load 17 such that the current must flow from battery 12 
through the ammeter 7 to pass into the load. 

[0039] Referring now to FIG. 4, an exemplary fuzzy 
system 16 is trained in the relationship between input 
characteristics of battery 12 and the SOH of battery 12. 
Specifically, the fuzzy system learns the underlying function 
F that relates the magnitude of the impedance \7\ at a first 
selected frequency, the phase angle of the impedance 0 at a 
second selected frequency, and the cycle number, and the 
SOH of the lead acid defibrillator battery. The first selected 
frequency may be, for example, between about 20 Hz and 
about 10 kHz, preferably in the range from about 70 Hz to 
about 1000 Hz, and in the example shown, is 158 Hz (|Z| at 
158.5 Hz). The second selected frequency may be between 
about 6 Hz and about 80 Hz, preferably between about 8 Hz 
and about 20 Hz, and in the example shown is 15.85 Hz (6 
at 15.85 Hz). 

[0040] While specific selected frequencies for measuring 
impedance and specific selected impedance characteristics 
(e.g., real part, imaginary part, magnitude, and phase angle) 
are listed herein and known to be effective, it understood that 
certain impedance characteristics at other various frequen- 
cies and/or fewer or more different frequencies may also be 
effective in obtaining a valid result. Furthermore, the opti- 
mal frequencies for measuring impedance may vary from 
one type of lead-acid battery to another, and can be deter- 
mined empirically by mapping the impedances of the battery 
in various known conditions over a range of frequencies and 
selecting the frequency or frequencies and impedance char- 
acteristics) thereof at which it or they vary the most. 

[0041] Referring to FIG. 5, a circuit 30 for measuring 
impedance of battery 12 at the selected frequencies is 
generally shown. Circuit 30 comprises battery 12 whose 
impedance is to be measured and an a.c. signal generator 32. 
A small amplitude, perturbing sinusoidal signal, x(t)=Xo 
sin(cot), is applied to lead acid defibrillator battery 12. The 
response of the lead acid defibrillator battery 12 to this 
perturbing signal is S(t)»XoK(u))sin((o[t-Ht>(a))]) and is cor- 
related with two reference signals, one in phase with x(t) and 
the other 90° out of phase with x(t), i.e. sin(cot) and cos(cot), 
in order to calculate: 



5(/)C0S£tJ/rff 



EQUATION 4 
EQUATION 5 



[0042] This allows the elimination of higher order har- 
monics than the fundamental and with an appropriate selec- 
tion of frequency window and multiple measurements, noise 
rejection can be very high. In the limit as 

T— K(a))cos4>((o),2f-* AT(a>>iiMj<aj), 

[0043] where K(w) represents the amplitude of the imped- 
ance at a frequency w/2ji and <t>(co) represents the phase of 
the impedance at frequency to/2jt. Circuit 30 allows the 
determination of the impedance at different frequencies and 
may be set up to measure the impedance at the single 
frequency of interest. An exemplary commercially available 
instrument that can be used to perform the impedance 
measurements is the Solartron 1260 Inpedance/Gain-Phase 
Analyzer. 

[0044] To determine lead acid defibrillator battery SOH 
once the impedance is known, a circuit 341 (FIG. 6) may be 
used. The impedance values from impedance measurement 
device 14a together with the cycle number are fed into a 
microcontroller 34 (e.g. Motorola MC 68HC11/12) either as 
analog or digital signals, wherein analog signals would be 
fed into A/D converters on microcontroller 34 and converted 
to digital signals. The magnitude of the impedance at the first 
selected frequency, Z lf e.g., 158.5 Hz, is stored in a first 
memory location and the phase angle of the impedance at the 
second selected frequency 2^, e.g., 15.85 Hz, is stored in a 
second memory location, and the cycle number is stored at 
a third memory location. The three variables stored in the 
first, second and third memory locations serve as the input 
variables to the fuzzy system to determine the SOH of the 
battery 12. The output of this fuzzy system, the SOH of 
battery 12, is stored in a fourth memory location. The battery 
SOH is then output to a display driver 36 and interfaced to 
a liquid crystal or other display 38. 

[0045] In one embodiment of this method, a fuzzy system 
implementation for determining the SOH of a Physio- 
Control/Medtronic 8 V 25 Ah lead acid defibrillator cells. 
The lead acid defibrillator batteries are charged at a 0.9 A 
constant current for a period of 4 hours followed by a 
discharge at a constant current of 1A interrupted every 290 
seconds by 7A pulses of 10 seconds duration. The discharge 
of the battery is continued at a 1A constant current rate 
interrupted every 290 seconds by 7A pulses of 10 seconds 
duration until the voltage across the battery reaches 7 V. This 
embodiment estimates the number of 7A defibrillator pulses 
of 10s duration that may be obtained from said lead acid 
defibrillator battery every 5 minutes that is otherwise being 
discharged at a constant current of 1A. The larger the 
number of 7A defibrillator pulses that may be delivered by 
the battery, the better is considered the slate-of- health of said 
defibrillator battery. The estimation of the number of 
defibrillator pulses that may be delivered to the load is 
provided as a function of cycle number over the range of 1 st 
cycle to 50 th cycle. A battery cycle includes the complete 
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charging of the battery followed by a complete discharge of 
the battery employing the charging/discharging conditions 
described above. 

[0046] A 3-input 1 -output fuzzy logic model is used to 
estimate the number of 7A pulses of 10s duration that may 
be delivered by the lead acid defibrillator battery every 5 
minutes. The three inputs are the magnitude of the imped- 
ance at 158.5 Hz, the phase angle of the impedance at 15.85 
Hz, and the normalized cycle number (cycle number/50) of 
the battery. The output of the model is the number of 7A 
pulses of 10s duration that may be delivered by the lead acid 
defibrillator battery. The input membership functions for the 
model are of Gaussian shape and are shown in FIG. 7. The 
output membership functions of the model are singletons. 
The rule set comprises 67 rules as given in Table 1. 

TABLE 1 

Fuzzy Logic Model Rules for Lead acid defibrillator Battery 7A Pulse 
Delivery Capability 

If (inl is inlmfl) and (in2 is in2mfl) and (in3 is in3mfl) then (outl is 
outlmfl) 

If (inl is inlm£2) and (in2 is Ln2mf2) and (in3 is in3m£2) then (outl is 
outlmf2) 

If (inl is inlmD) and (in2 is in2m£3) and (in3 is inJmf3) then (outl is 
outlmf3) 

If (inl is inlmf4) and (in2 is in2mf4) and (iu3 is in3mf4) then (outl is 
outlmf4) 

If (inl is inlmfS) and (in2 is in2mf5) and (in3 is in3mf5) then (outl is 
outlmf5) 

If (inl is inlmf6) and (in2 is in2mf6) and (in3 is in3mf6) then (outl is 
outlmf6) 

If (inl is inlmf7) and (in2 is in2mf7) and (in3 is in3mf7) then (outl is 
outlmf7) 

If (inl is inlmfS) and (in2 is in2mfS) and (in3 is in3rnf8) then (outl is 
outlmf8) 

If (inl is inlm©) and (in2 is in2mf9) and (in3 is in3m£9) then (outl is 
outlmf9) 

If (inl is inlmflO) and (in2 is in2mfl0) and (in3 is in3mfl0) then (outl is 
outlmflO) 

If (inl is inlmfll) and (in2 is in2mfll) and (in3 is in3mfll) then (outl is 
outlmfll) 

If (inl is inlmfl 2) and (in2 is in2mfl2) and (in3 is in3mfl2) then (outl is 
outlmfl 2) 

If (inl is inlmfl 3) and (in2 is in2mfl3) and (in3 is in3mfl3) then (outl is 
outlmfl 3) 

If (inl is inlm£14) and (in2 is in2mfl4) and (in3 is in3mfl4) then (outl is 
outl mf 14) 

If (inl is inlmfl 5) and (in2 is in2mfl5) and (in3 is in3mfl5) then (outl is 
outl mf IS) 

If (inl is inlmfl 6) and (in2 is in2mfl6) and (in3 is in3mfl6) then (outl is 
outlmfl 6) 

If (inl is inlmfl 7) and (in2 is in2mfl7) and (in3 is in3mfl7) then (outl is 
outlmfl 7) 

If (inl is inlmfl 8) and (in2 is in2mfl8) and (in3 is in3mfl8) then (outl is 
outlmfl 8) 

If (inl is inlmfl 9) and (in2 is in2mfl9) and (in3 is in3mfl9) then (outl is 
outlmfl 9) 

If (inl is inlmfSO) and (in2 is in 2m £20) and (in3 is in3mf20) then (outl is 
outlmf20) 

If (inl is inlm£21) and (in2 is in 2m £21) and (in3 is in3mf21) then (outl is 
outlmf21) 

If (inl is inlm£22) and (in2 is in2m£22) and (in3 is in3mf22) then (outl is 

GUtlmf22) 

If (inl is inlm£23) and (in 2 is in 2m £23) and (in3 is in3mf23) then (outl is 
outlmf23) 

If (inl is in3m£24) and (in2 is in 2m £24) and (in3 is in3mf24) then (outl is 
outlmf24) 

If (inl is inlmf25) and (in2 is in2m£25) and (in3 is in3mf25) then (outl is 
outlmf25) 

If (inl is inlmf26) and (in2 is in 2m £26) and (in3 is in3mf2ti) then (outl is 
outlmf26) 



TABLE 1 -continued 



Fuzzy Logic Model Rules for Lead acid defibrillator Battery 7A Pulse 
Delivery Capability 



If (inl is inlm£27) 


and 


(in2 is 


in2mf27) and (in3 


is 


in3mf27) 


then 


(outl is 


outlmf27) 
















If (inl is inlmf28) 


and 


(in2 is 


in2mf28) and (in3 


is 


in3mf28) 


then 


(outl IS 


outlmf28) 
















If (inl is inlmf29) 


and 


(in2 is 


in2mf29) and (in3 


is 


in3mf29) 


then 


(outl is 


outlmf29) 
















If (inl is inlmGO) 


and 


(in2 is 


in2m£30) and (in3 


is 


in3m£30) 


then 


(outl is 


outlmDO) 
















If (inl is inlmBl) 


and 


(in2 is 


in2mf31) and (in3 


is 


in3m£31) 


then 


(outl is 


outlmf31) 
















If (inl is inlmf32) 


and 


(in2 is 


in 2m £32) and (in3 


is 


in3m£32) 


then 


(outl is 


outlmf32) 
















If (inl is inlm£33) 


and 


(in2 is 


in2mf33) and (in3 


is 


in3m£33) 


then 


(outl is 


outlmf33) 
















If (inl is inlmB4) 


and 


(in2 is 


in 2m £34) and (in3 


is 


in3mf34) 


then 


(outl is 


outlmf34) 
















If (inl is inlmOS) 


and 


(in2 is 


in2m£35) and (in3 


is 


in3m£35) 


then 


(outl is 


outlmf35) 
















If (inl is inlmD 6) 


and 


(in2 is 


in 2m G 6) and (in3 


is 


in3m£36) 


then 


(outl is 


outlmf36) 
















If (inl is inlmf37) 


and 


(in2 is 


in2mf37) and (in3 


is 


in3m£37) 


then 


(outl is 


outlmf37) 
















If (inl is inlmS8) 


and 


(in2 is 


in2mf38) and (in3 


is 


in3mf38) 


then 


(outl is 


outlmf38) 
















If (inl is inlm£39) 


and 


(in2 is 


in2mf39) and (in3 


is 


in3mf39) 


then 


(outl is 


outlmf39) 
















If (inl is inlmf40) 


and 


[in2 is 


in2mf40) and (in3 


is 


in3mf40) 


then 


(outl is 


outl mf 40) 
















If (inl is inlmf41) 


and 


[in2 is 


in2mf41) and (in3 


is 


in3mf41) 


then 


(outl is 


outl mf 41) 
















If (inl is inlmf42) 


and 


[in2 is 


in2mf42) and (in3 


is 


in3mf42) 


then 


(outl is 


outl mf 42) 
















If (inl is inlmf43) 


and 


(inZ is 


in2mf43) and (io3 


is 


in3mf43) 


then 


(outl is 


outl mf 43) 
















If (inl is inlmf44) 


and 


(in2 is 


in2mf44) and (in3 


is 


in3mf44) 


then 


(outl is 


outlmf44) 
















If (inl is inlmf45) 


and 


(in2 is 


in2mf45) and (in3 


is 


in3mf45) 


then 


(outl is 


outlmf45) 
















If (inl is inlmf46) 


and 


(in2 is 


in2mf46) and (in3 


is 


in3mf46) 


then 


(outl is 


outlmf46) 
















It (inl is inl mi47) 


and 


[in2 is 


inZnu47) and (in3 


is 


in3mf47) 


then 


(outl is 


sttitl mfATi 

ouiimi < + f ) 
















If finl i'c ml mfdXt 


and 


fin2is 


III LA HL*tO 1 oiJU 11 




1IL-III1I*tO j 


then 


(outl is 


outl mf48) 
















If (inl is inlmf49) 


and 


r in2 is 


in2mf49) and (in3 


is 


in3mf49) 


then 


[outl is 


outlmf49) 
















If (inl is inlmfSO) 


and 


[in2 is 


in2mf50) and (in3 


is 


in3m£50) 


then 


(outl is 


outlmfSO) 
















If (inl is inlmBl) 


and 


[in2 is 


in2mf51) and (in3 


is 


in3mf51) 


then 


(outl is 


outlmfSl) 
















If (inl is inl m£52) 


and 


[in2 is 


in2mf52) and (in3 


is 


in3m£52) 


then 


(outl is 


outlmf52) 
















If (inl is inlmf53) 


and 


[in2 is 


in2mf53) and (in3 


is 


in3mf53) 


then 


(outl is 


outlmf53) 
















If (inl is inl m £5 4) 


and 


[in2 is 


in2mf54) and (in3 


is 


in3m£54) 


then 


[outl is 


outlmf54) 
















If (inl is inl m 5 5) 


and 


[in2 is 


in2m£55) and (in3 


is 


in3m£S5) 


then 


[outl is 


outlmf55) 
















If (inl is inlmf56) 


and 


[in2 is 


in2mf56) and (in3 


is 


in3mf56) 


then 


(outl is 


outlmf56) 
















If (inl is inl m £57) 


and 


[in2 is 


in2mf57) and (in3 


is 


in3mf57) 


then 


[outl is 


outlmf57) 
















If (inl is inlm£58) 


and 


[in2 is 


in2mf58) and (in3 


is 


in3m£58) 


then 


[outl is 


cutlmf58) 
















If (inl is inlm£59) 


and 


[in2 is 


in2mf59) and (in3 


is 


in3m£59) 


then 


(outl is 


outlmf59) 
















If (inl is inlmfSO) 


and 


[in2 is 


in2mf60) and (in3 


is 


in3mf60) 


then 


[outl is 


outlmfSO) 
















If (inl binlmfSl) 


and 


[in2 is 


in2mf61) and (in3 


is 


in3mf61) 


then 


[outl is 


outl mf 61) 
















If (inl is inlmf62) 


and 


[in2 is 


Ln2mf62) and (in3 


is 


in3mf62) 


then 


[outl is 



outl mf 6 2) 
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TABLE 1 -continued 



Fuzzy Logic Model Rules for Lead acid defibrillator Battery 7A Pulse 
Delivery Capability 

If (inl is inlmf63) and (in2 is in2mf63) and (in3 is in3mf63) then (outl is 
outl mf 63) 

If (inl is inlmf64) and (in2 is in2mf64) and (in3 is in3mf64) then (outl is 
outl mf 6 4) 

If (inl is inlmf65) and (in2 is in2mf65) and (in3 is in3mf65) then (outl is 
outlmf65) 

If (inl is inlmf66) and (in2 is in2mf66) and (in3 is in3mf66) then (outl is 
outlmffifi) 

If (inl is inlmf67) and (in2 is in2mf67) and (in3 is in3mf67) then (outl is 
oullmf67) 



where inl is magnitude of impedance @ 158.5 Hz 
in2 is phase angle of impedance @ 15.85 Hz 
in3 is the normalized cycle number (cycle number/50) and 
outl is number of 7 A pulses that the lead acid defibrillator battery can 
deliver to the load every 5 minutes at an otherwise 1A continuous dis- 
charge 

[0047] While preferred embodiments have been shown 
and described, various modifications and substitutions may 
be made thereto without departing from the spirit and scope 
of the invention. Terms such as "first" and "second" as used 
herein are not intended to imply an order of importance or 
location, but merely to distinguish between one element and 
another of like kind. It is to be understood that the invention 
has been described by way of illustration only, and such 
illustrations and embodiments as have been disclosed herein 
are not to be construed as limiting to the claims. 

What is claimed is: 

1. A method of determining the state-of-health of a lead 
acid battery, the method comprising: 

detecting an impedance characteristic of the battery at at 
least one selected frequency; 

counting a number of complete charge/discharge cycles 
that the lead acid battery undergoes; and 

determining said state of health of said lead acid battery 
from a fuzzy system trained in a relationship between 
said impedance characteristic and said cycle number of 
the lead acid battery and said state-of-health, wherein 
said state-of-health is a function of and varies with the 
battery's ability to deliver power required by the load 
and the battery's capacity to meet load requirements. 

2. The method of claim 1 wherein said battery is a lead 
acid battery of the type used in portable external defibrilla- 
tors, and said state-of-health is determined by said fuzzy 
system in terms of the number of defibrillator discharges that 
the battery can generate when fully charged. 

3. The method of claim 1 wherein said detecting includes 
detecting an impedance magnitude at a first selected fre- 
quency and an impedance phase angle at a second selected 
frequency. 

4. The method of claim 3 wherein said first selected 
frequency is between about 20 Hz and about 10 kHz and said 
second selected frequency is between about 6 Hz and about 
80 Hz. 

5. The method of claim 4 wherein said first selected 
frequency is between about 70 Hz to about 1000 Hz and said 
second selected frequency is between about 8 Hz to about 20 
Hz. 



6. The method of claim 5 wherein said battery is a lead 
acid battery of the type used in portable external defibrilla- 
tors, and said state-of-health is determined by said fuzzy 
system in terms of the number of defibrillator discharges that 
the battery can generate when fully charged. 

7. The method of claim 6 wherein said first selected 
frequency is about 158.5 Hz and said second selected 
frequency is about 15.85 Hz. 

8. A system for detecting a state of health of a lead acid 
battery, the system comprising: 

a microcontroller adapted to receive inputs from an 
impedance measurement device and a voltage measure- 
ment device, the microcontroller including software 
causing the microcontroller to perform operations 
including: 

storing an input value corresponding to an impedance 
characteristic at at least one selected frequency; 

storing an input value corresponding to a cycle number, 
said cycle number being determined using said volt- 
age measurement device; 

inputting each said input value into a fuzzy system 
trained in a relationship between each said input 
value and said state-of-health, said state-of-health 
being a function of the battery's ability to deliver 
power required by the load and the battery's capacity 
to meet load requirements; and 

storing an output value corresponding to said state-of- 
health of the battery, said output value being output 
from the fuzzy system. 

9. The system of claim 8, said fuzzy system being 
implemented by said microcontroller. 

10. The system of claim 8 wherein said battery is a lead 
acid battery of the type used in portable external defibrilla- 
tors, and said state-of-health is determined by said fuzzy 
system in terms of the number of defibrillator discharges that 
the battery can generate when fully charged. 

11. The system of claim 8 wherein said detecting includes 
detecting an impedance magnitude at a first selected fre- 
quency and an impedance phase angle at a second selected 
frequency. 

12. The system of claim 8 wherein said first selected 
frequency is between about 20 Hz and about 10 kHz and said 
second selected frequency is between about 6 Hz and about 
80 Hz. 

13. The system of claim 12 wherein said first selected 
frequency is between about 70 Hz to about 1000 Hz and said 
second selected frequency is between about 8 Hz and about 
20 Hz. 

14. The system of claim 13 wherein said battery is a lead 
acid battery of the type used in portable external defibrilla- 
tors, and said state-of-health is determined by said fuzzy 
system in terms of the number of defibrillator discharges that 
the battery can generate when fully charged. 

15. The system of claim 14 wherein said first selected 
frequency is about 158.5 Hz and said second selected 
frequency is about 15.85 Hz. 

16. A portable defibrillator having a lead acid battery, the 
portable defibrillator comprising: 

a microcontroller adapted to receive inputs from an 
impedance measurement device for measuring an 
impedance of said lead acid battery and a voltage 
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measurement device for measuring a voltage of said 
lead acid battery, the microcontroller including soft- 
ware causing the microcontroller to perform operations 
including: 

storing an input value corresponding to an impedance 
characteristic at at least one selected frequency; 

storing an input value corresponding to a cycle number, 
said cycle number being determined using said volt- 
age measurement device; 

inputting each said input value into a fuzzy system 
trained in a relationship between each said input 
value and said state -of-health, said state-of-health 
being a function of the battery's ability to deliver 
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power required by the load and the battery's capacity 
to meet load requirements; and 

storing an output value corresponding to said state-of- 
health of the battery, said output value being output 
from the fuzzy system. 

17. The portable defibrillator of claim 16 wherein said 
fuzzy system is implemented by said microcontroller. 

18. The portable defibrillator of claim 16 wherein said 
state-of-health is determined by said fuzzy system in terms 
of the number of defibrillator discharges that the battery can 
generate when fully charged. 

***** 



02/04/2004, EAST Version: 1.4.1 



